This paper reports the development of an optical power regulator based on a surface-micromachined variable optical attenuators (VOAs). The VOA module has a size of about 0.6 mm x 1 mm excluding the fibers. It requires only 8 V to obtain an attenuation range of 45 dB. Experiment shows the VOA itself is a nonlinear system and has hysteresis. By use of a digital proportional integration (PI) control system, the VOA module implements an optical power regulation with the functions of power setpoint tracking and disturbance rejection. The power regulator takes only 24 ms to track an output setpoint change of 11 dB without experiencing any overshoot. It is also able to reject the disturbance in about 100 ms.
INTRODUCTION
Optical power regulator is a device to adjust the optical power. More specifically, it provides the functions of setpoint tracking, disturbance rejection and ripplelnoise suppression. When the output power is set, the circuit automatically changes it to the desired level (i.e. the setpoint). The disturbance rejection function helps to maintain a constant output even though the input power may vary due to addinghopping channels, ageing of laser sources and noise. The ripple suppression function further stabilizes the output by reducing the power fluctuation due to environmental vibration.
Compared with the variable optical attenuators (VOAs), the optical power regulator are more intelligent, more functional and easier to use. Typical VOAs h o w nothing about the input and output, and cannot respond actively to any changes. In contrast, the power regulators sense the input/output and the other parameters, and respond intelligently. Moreover, power regulators provide interfaces for the users and the other devices, and they are therefore easy to use. For example, in a power regulator, to set the output from one power level to another level, the user needs only provide the setting values through the interface. The regular then responds accordingly and automatically. While in a VOA, the user has to know the detailed characteristics of the VOAs, such as attenaution -voltage curve.
Fiber-optical systems operate over a large span of optical power level, from very weak signals (several micro watts) after transmitting long distances to very strong signals (greater than 1 W) emitted from high power laser sources. The development of the dense wavelength division multiplexed (DWDM) systems technology has opened up new application areas for power regulators [l, 21. The typical applications of the optical power regulators are illustrated in Fig. 1 . First, the power regulators can be used to equalize the power levels of different wavelength sources. A power regulator can be used to compensate the power variation of one laser source, and an array of the power regulators can be used to equalize the power levels of different light sources before they are multiplexed by a multiplexer into an optical fiber. In addition, a power regulator can be used to limit the total power coupled into the optical fiber. Secondly, the regulators are also able to obtain flat gain for different wavelength channels in optical amplifiers. 
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Multiple wavelength channels amving at a node may pass through different paths and experience different losses. In the optical amplifiers, the gain of each channel depends on the power levels of the other channels. To obtain flat gain, the multiple wavelength channels from an transmission fiber are first demultiplexed by a demultiplexer, and then their powers are equalized by an array of power regulators before entering the optical amplifier. Although the gain varies with wavelength as well, the power regulators can compensate it. Finally, the power regulators are capable of balancing the signals in optical addidrop multiplexers (OADMs). In an OADM, the power levels of the signals to be added cannot be too high to overwhelm the existing channels. And the dropped signals with high powers need to be attenuated before entering the local network. One power regulator is necessary for each adddrop channel. Besides, the total power changes with addingldropping one or some channels, and a power regulator is needed to limit the power coupled into the transmission fiber. drawbridge actuator.
Schematic of the MEMS VOA using is formed by a polysilicon layer of 2 pm thick. The electrode is 279 pm x 364 pm formed by a 0.5 pm-thick polysilicon layer deposited on the substrate. Only the overlapping area of the mounting plate and the electrode is effective for electrostatic actuation. The mounting plate is longer than the electrode to make sure they are well isolated even when the outer edge of the mounting plate touches the substrate. 
CHARACTERISTICS OF VOA
The relationship between the static driving voltage and the attenuation is shown in Fig. 4 . The VOA suffers an insertion loss of 1.5 dB at 1.55 pm wavelength when no voltage is applied, which is mainly induced by the misalignment between the input and output fibers. The simulation of the VOA has been studied in Ref [8] . To make the simulation comparable io the experiment, an insertion loss of 1.5 dB is added to the simulation data.
The experimental results shows that the attenuation does not change obviously until the driving voltage becomes larger than about 3.5 V. The closed-loop control system of the VOA should be avoided to operate within this deadzone. When the driving voltage increases, the attenuation increases continuously and reaches its 
MEMS OPTICAL POWER REGULATOR
The architecture of the optical power regulator is illustrated in Fig. 6 . It employs a digital control system to operate the MEMS VOA.. The control system uses a proportional integral (PI) controller, two InGaAs optical receivers, two 90/10 couplers, two analogue-to-digital converters (ADCs) and a digital-to-analogue converter (DAC). A 1550 nm-laser source introduces light into the VOA and the ADCs sample the optical power levels at 4ms each. The input light first passes through a 90110 coupler. The 10% power goes to a photodetector to provide a monitor signal. Similarly, the output side provides another monitor signal. Both analog signals are amplified, converted into digital and passed to the PI controller. The controller runs the control model to compare the signals with the external setting data, and drives a voltage source to change the attenuation of the VOA.
The control algorithm used in the optical power regulator is proportional and integral controller. The proportional (P) term is used to improve the rise time and to reject disturbance, while the integral (I) term helps to reduce steady-state response to zero. It is relatively easy to implement in hardware or software. Comparing to the The tracking response of the optical power regulator is shown in Fig. 7 . When the output power is set from 5 pW to 60 pW (corresponding to 11 dB attenuation change), the measured output power follows the change rapidly and fully reaches the new setpoint after several oscillations. The rise time and the setting time are 24 ms and 64 ms respectively. NO overshoot is experienced. It is noted the rise time is improved compared with that of the VOA.
The disturbance rejection response is shown in Fig. 8 . The output is set at 60 pW. The disturbance is introduced by intentionally changing the input power from 2.95 mW to 4 mW. At first the output power increases immediately 
